Alteration in the intracellular signal transduction pathway in primary afferent neurons may contribute to pain hypersensitivity. We demonstrated that very rapid phosphorylation of extracellular signal-regulated protein kinases (pERK) occurred in DRG neurons that were taking part in the transmission of various noxious signals. The electrical stimulation of A␦ fibers induced pERK primarily in neurons with myelinated fibers. c-Fiber activation by capsaicin injection induced pERK in small neurons with unmyelinated fibers containing vanilloid receptor-1 (VR-1), suggesting that pERK labeling in DRG neurons is modality specific. Electrical stimulation at the c-fiber level with different intensities and frequencies revealed that phosphorylation of ERK is dependent on the frequency. We examined the pERK in the DRG after application of natural noxious stimuli and found a stimulus intensity-dependent increase in labeled cell size and in the number of activated neurons in the c-and A␦-fiber population. Immunohistochemical double labeling with phosphorylated ERK/VR-1 and pharmacological study demonstrated that noxious heat stimulation induced pERK in primary afferents in a VR-1-dependent manner. Capsaicin injection into the skin also increased pERK labeling significantly in peripheral fibers and terminals in the skin, which was prevented by a mitogen-activated protein kinase/ERK kinase inhibitor, 1,4-diamino-2,3-dicyano-1,4-bis(2-aminopheylthio)butadiene (U0126). Behavioral experiments showed that U0126 dose-dependently attenuated thermal hyperalgesia after capsaicin injection and suggested that the activation of ERK pathways in primary afferent neurons is involved in the sensitization of primary afferent neurons. Thus, pERK in primary afferents by noxious stimulation in vivo showed distinct characteristics of expression and may be correlated with the functional activity of primary afferent neurons.
Alteration in the intracellular signal transduction pathway in primary afferent neurons may contribute to pain hypersensitivity. We demonstrated that very rapid phosphorylation of extracellular signal-regulated protein kinases (pERK) occurred in DRG neurons that were taking part in the transmission of various noxious signals. The electrical stimulation of A␦ fibers induced pERK primarily in neurons with myelinated fibers. c-Fiber activation by capsaicin injection induced pERK in small neurons with unmyelinated fibers containing vanilloid receptor-1 (VR-1), suggesting that pERK labeling in DRG neurons is modality specific. Electrical stimulation at the c-fiber level with different intensities and frequencies revealed that phosphorylation of ERK is dependent on the frequency. We examined the pERK in the DRG after application of natural noxious stimuli and found a stimulus intensity-dependent increase in labeled cell size and in the number of activated neurons in the c-and A␦-fiber population. Immunohistochemical double labeling with phosphorylated ERK/VR-1 and pharmacological study demonstrated that noxious heat stimulation induced pERK in primary afferents in a VR-1-dependent manner. Capsaicin injection into the skin also increased pERK labeling significantly in peripheral fibers and terminals in the skin, which was prevented by a mitogen-activated protein kinase/ERK kinase inhibitor, 1,4-diamino-2,3-dicyano-1,4-bis(2-aminopheylthio)butadiene (U0126). Behavioral experiments showed that U0126 dose-dependently attenuated thermal hyperalgesia after capsaicin injection and suggested that the activation of ERK pathways in primary afferent neurons is involved in the sensitization of primary afferent neurons. Thus, pERK in primary afferents by noxious stimulation in vivo showed distinct characteristics of expression and may be correlated with the functional activity of primary afferent neurons.
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Primary sensory neurons are highly specialized to transduce and transmit sensory information from the periphery to the CNS and are selectively equipped to detect different kinds of stimuli (Snider and McMahon, 1998) . The initial step in pain perception is that noxious thermal, mechanical, or chemical stimuli excite specialized nociceptive transducer receptor/ion channel complexes in peripheral terminals of nociceptors. Vanilloid receptor-1 (VR-1), one of the transducer proteins, can generate depolarizing currents in response to noxious thermal stimuli (Caterina et al., 1997; Tominaga et al., 1998) . VR-1 is a nociceptor-specific cation channel that is the molecular target of capsaicin and is essential for selective modalities of pain sensation and for tissue injuryinduced thermal hyperalgesia. Action potentials that are transmitted from the periphery may activate the intracellular signaling pathway and regulate gene expression in dorsal root ganglion (DRG) neurons (Fields et al., 1997; Fields, 1998) . The alteration in gene expression and the resultant changes in the excitability of DRG neurons may be involved in peripheral and central sensitization in acute and chronic pain conditions (Dubner and Ruda, 1992; Woolf and Salter, 2000) .
Much attention has focused on the signal transduction mechanisms of primary afferent neurons responsible for the modulation of pain transmission. Recent articles reported that inflammatory mediators, such as prostaglandin E 2 , serotonin, epinephrine, and nerve growth factor, produce hyperalgesia through activation of protein kinase A (PKA), protein kinase C (PKC), or extracellular signal-regulated kinases (ERKs) in the primary afferent neurons (Gold et al., 1998; Khasar et al., 1999; Aley et al., 2001) . ERKs are mitogen-activated protein kinases (MAPKs) that are activated by membrane depolarization and calcium influx (Rosen et al., 1994) , activated by an upstream kinase, MAPK/ERK kinase (MEK) (Chang and Karin, 2001) , and known to be one of the intracellular signaling pathways involved in neuronal plasticity (Fields et al., 1997; Martin et al., 1997; Fields, 1998; Impey et al., 1999) . Physiological and pathological activity-dependent activation of ERK occurs in the CNS (Baraban et al., 1993; English and Sweatt, 1996; Atkins et al., 1998; Obrietan et al., 1998) . However, there have been few studies of signal transduction involved in the activity-dependent plasticity of primary afferent neurons (Fields et al., 1997; Fitzgerald, 2000) .
Here, we report modality-specific and intensity-dependent ERK phosphorylation in primary afferent neurons by pain stimuli, an event that may be involved in peripheral sensitization.
MATERIALS AND METHODS
Stimulation. Adult male Sprague Dawley rats (220 -250 gm) were used. All procedures were performed under sodium pentobarbital anesthesia (50 mg / kg, i.p.). C apsaicin (8-methyl-N-vanillyl-6-noneamide; Sigma, St. L ouis, MO) (10 mM) was dissolved in 10% T ween 80 and injected into the plantar surface of the left hindpaw (5-200 l). A brief force (ϳ47.0N/ cm 2 for the low intensity of pinch, 94.1N/cm 2 for the high intensity of pinch) was applied (six times in 10 sec; interval of 10 sec; total of 2 min) to the plantar surface of the middle of the left hindpaw with a surgical bulldog clamp. Thermal (42-60°C) stimuli were produced by immersion of the hindpaw into a water bath (six times in 10 sec; interval of 10 sec; total of 2 min).
Electrophysiolog ical recordings and stimulations. Electrophysiological recordings were applied to distinguish the kinds of nerve fiber that were stimulated. Procedures were performed initially under anesthesia with pentobarbital sodium (50 mg / kg, i.p.), followed by maintenance with halothane (2-3%) and air. Rats were immobilized with pancuronium bromide (1 mg ⅐ kg Ϫ1 ⅐ hr Ϫ1 , i.v.) for compound action potential recording. The left sciatic nerve was exposed and completely isolated from the surrounding connective tissue. Bipolar platinum wire electrodes were placed under the isolated sciatic nerve just distal to the level of the joint of the three terminal branches (the sural, common peroneal, and tibial nerves). Paraffin oil was pooled, and recording electrodes were placed 25 mm proximal to the stimulation electrodes. To see c-fiber responses, the recordings of 100 trials were averaged. On the basis of the data from these recordings, electrical stimulation was used for activation of each type of nerve fiber. A train of 60 pulses of 0.1 mA, 0.2 msec, and 100 Hz for A␤ fibers; 0.3 mA, 0.2 msec, and 100 Hz for A fibers; and 1-5 mA, 2 msec, and 0.5-100 Hz for c-fiber stimulation was delivered. Sham operations without electrical stimulation were also performed. The electrical stimulations were done 20 min after the incision of skin in the lower leg.
Immunohistochemistr y. After appropriate survival times (the survival time after stimulation in all experiments was 2 min, except in the time course study), rats were perf used transcardially with 1% paraformaldehyde in 0.1 M phosphate buffer followed by 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. The lumbar (L) 4/5 DRGs or the skin ϳ0.6 ϫ 0.6 cm 2 around the injection point were removed and processed for phosphorylated ERK (pERK) immunohistochemistry according to our previous studies (Noguchi et al., 1995; Fukuoka et al., 2001 ). The polyclonal primary antibody for pERK (New England BioLabs, Beverly, M A) at 1:1000 was used for DAB staining. For double immunofluorescent staining, the tyramide signal amplification (TSA; N EN, Boston, M A) fluorescence procedures were used for pERK (1:10,000) staining. Subsequently, the pERK antibody was combined with one of the following antibodies: monoclonal anti-neurofilament 200 (N F200, 1:400; Sigma), rabbit polyclonal protein gene product 9.5 (PGP 9.5) antibody (1:1000; Ultra C lone L td., Isle of Wight, UK), or rabbit polyclonal V R-1 antibody (1:1000, gift from Dr. M. Tominaga, Mie University, Mie, Japan). The characteristics and staining specificity of these antibodies have been reported previously (Trojanowski et al., 1986; Day and Thompson, 1987; Tominaga et al., 1998) . When two primary antisera raised in rabbits were combined, nonspecific double labeling was not observed. A similar protocol has been used by many other workers (Hunyady et al., 1996; Shindler and Roth, 1996; Michael et al., 1997; Bennett et al., 1998; Amaya et al., 2000) , and the lack of cross-reactivity is thought to be attributable to the fact that the TSA procedure allows the first series primary antibody to be used at a dilution that is too high to be detected by the second reagent set . Our data support this explanation. In control single labeling using indirect labeled immunofluorescence, we were unable to visualize the pERK antiserum at the dilutions used for the TSA procedure.
Quantitative and statistical anal ysis for immunohistochemistr y. For DRG neuron quantification, 8 -12 sections of the L4/5 DRG were selected randomly from each rat. The total number and the number of labeled neurons per section were counted to determine changes in pERK expression in the L4/5 DRG after various stimuli. The proportion of pERKexpressing DRG neurons was determined by counting the neuronal profiles that showed distinctive pERK labeling compared with background labeling in DRG sections. The total number of DRG neurons was obtained by the background staining of neurons and the Nomarski differential interference contrast image. An average number of labeled neurons per total neurons was obtained for each animal across the different tissue sections; then the mean Ϯ SEM across animals was determined. The cross-sectional area of pERK-labeled neuron profiles was quantified using a computerized image analysis system (N IH Image, version 1.62; W. Rasband, National Institutes of Health, Bethesda, MD). Because a stereological approach was not used in this study, quantification of the data may represent a biased estimate of the actual number of neurons. For the quantification in the skin, 8 -12 sections of skin were selected randomly in each rat, and the relative immunostained area of labeled fiber profiles in a outlined profile (50.25 ϫ 428.81 m 2 ) crossing the epidermis and dermis per section was quantified using the computerized image analysis system (N IH Image, version 1.62). An assistant who was unaware of the treatment group of the tissue sections performed all counting. A significance of difference was analyzed using a t test or ANOVA followed by Fisher's PL SD test.
Western blot anal ysis. To examine the specificity of the pERK antibody, Western blot analysis for rat DRG neurons was performed. Animals were deeply anesthetized with diethyl ether and killed by decapitation. The L4/5 DRG was rapidly removed and lysed with 20 mM Tris-HC l buffer, pH 8.0, containing 1% N P-40, 150 mM NaC l, 1 mM EDTA, 10% glycerol, 0.1% ␤-mercaptoethanol, 0.5 mM dithiothreitol, and a mixture of proteinase inhibitors. Briefly, the samples were homogenized in 0.2 ml of lysis buffer reagent and centrif uged at 4°C. The supernatant, containing 15 g of protein, was electrophoresed in a 10 -20 SDS-polyacrylamide gel (Bio-Rad, Hercules, CA) and blotted onto Hybond P membrane (Amersham Biosciences, Arlington Heights, IL) using Multiphore II (Amersham Biosciences, Uppsala, Sweden) for 30 min. The blotted membrane was incubated first with the antibody rabbit anti-phospho-ERK (1:1000; New England BioLabs) overnight at 4°C. The membrane was then incubated with the alkaline phosphatase-conjugated second antibody (goat anti-rabbit IgG; Jackson ImmunoResearch, West Grove, PA) for 2 hr at room temperature. The membrane was rinsed and treated with nitroblue tetrazolium (Sigma) and 5-bromo-4-chloro-3-indolyl phosphate (Sigma) to visualize protein bands.
Behavioral studies. All tests were performed on male rats weighing 220 -250 gm. The M EK inhibitor 1,4-diamino-2,3-dicyano-1,4-bis(2-aminophenylthio)butadiene (U0126; C albiochem, Darmstadt, Germany) (diluted in 2.5% DMSO; dose 7.5, 0.75, and 0.075 g in 10 l per paw) was first injected intradermally into the middle of the hindpaw using a 10 l microsyringe (Hamilton, Reno, N V); 2 min later, capsaicin (15 g in 5 l per paw) was injected by the same procedure. Primary thermal hyperalgesia to the capsaicin injection site was measured using the Hargreaves method (Hargreaves et al., 1988) before and 10, 30, 60, and 120 min after injection. The heat stimulus was terminated with a withdrawal response or at 20 sec to avoid skin damage. T wo latencies were recorded and averaged for the ipsilateral hindpaw in each test session. Secondary mechanical allodynia was assessed with calibrated von Frey filaments using an up -down paradigm (Chaplan et al., 1994) . Briefly, animals were placed in plastic cages with a wire mesh floor and allowed to acclimate for 15 min before each test session. To determine the 50% response threshold, the von Frey filaments were applied to the uninjured area surrounding the capsaicin injection site for 8 sec or until a withdrawal response occurred. Testing was initiated with the 4.0 gm intensity of filament, and the cutoffs of 0.6 gm and 26 gm intensities of filament were selected as the lower and upper limits for testing, respectively. When a positive response was noted, we tested a weaker stimulus. If there was no response to a stimulus, then a stronger stimulus was presented. After the initial threshold crossing, this procedure was repeated for five stimulus presentations per animal per test session. An assistant who was unaware of the treatment group performed all of the behavioral experiments.
RESULTS
To clarify the in vivo activation of ERK in DRG neurons, we stimulated the receptive fields in a variety of ways and used an antibody that recognizes pERK. We found very few neurons labeled for pERK in the naive DRG (Fig. 1 A) . However we found that selective stimulation of c fibers by capsaicin injection into the plantar surface of the hindpaw induced a number of small DRG neurons labeled for pERK (Fig. 1 B) . To confirm the specificity of the antibody, we used Western blotting with the pERK antibody ( Fig. 1 B, inset) and found that this antibody could recognize two bands (p42/44 ERK) (n ϭ 3), which is consistent with previous reports (Fields et al., 1997; Impey et al., 1998) . We examined the time course of phosphorylation of ERK in small DRG neurons after capsaicin injection and found that this response was very quick: the peak was 2 min after stimulation and the number of labeled cells rapidly declined for 10 min (Fig. 1C) . The pERKlabeled small neurons were not labeled for NF200 (Trojanowski et al., 1986) , a marker of neurons with myelinated fibers, indicating that these neurons had unmyelinated fibers (Fig. 1 D) . The double-labeling experiment with pERK and VR-1, which is a capsaicin receptor, showed that 91.7 Ϯ 2.1% (mean Ϯ SEM; n ϭ 4) of pERK-labeled cells were also labeled for VR-1 after activation of c fibers by capsaicin injection into the plantar surface of the hindpaw (Fig. 1 E) . The topical application of lidocaine (1%) around the sciatic nerve significantly prevented pERK labeling in small DRG neurons 2 min after capsaicin injection (n ϭ 4) (Fig.  1 F,G) .
Subsequently, we examined the pERK labeling in DRG neurons after A-fiber stimulation. We used 0.1 mA of electrical stimulation to the sciatic nerve and found that this A␤ stimulation (no A␦ response) (Fig. 1 H,a) induced very few neurons labeled for pERK in the DRG (data not shown). The sham operation induced no pERK labeling in the DRG. We then used 0.3 mA of stimulation and found that this stimulation produced A␦-fiber activation and no c-fiber activation ( Fig. 1 H,b,c) . The electrical stimulation at the A␦-fiber level induced labeling for pERK in some medium-to-large DRG neurons (Fig. 1 I) . Double labeling with pERK and NF200 showed that 90.9 Ϯ 2.9% (mean Ϯ SEM; n ϭ 4) of pERK-labeled neurons contained NF200 (Fig. 1 J) , which was in clear contrast to the effects of c-fiber stimulation ( Fig. 1 B,D) . These data indicated that the electrical stimulation of A␦ fibers induced pERK, primarily in neurons with myelinated fibers. Thus, these data clearly indicate that the action potentials in c and A␦ fibers of primary afferents could rapidly induce an activation of the MAPK cascade in individual neurons. These findings demonstrate that the modality of stimulation was highly correlated with the expression pattern of pERK in DRG neurons.
We examined the changes in pERK labeling after different frequencies and intensities of c-fiber electrical stimulation. First, we found that c-fiber stimulation at 0.5 Hz, 3 mA, and 2 msec to the sciatic nerve induced pERK labeling in small DRG neurons (Fig. 2 A) . When the frequency of electrical stimulation increased (10 Hz, 3 mA, and 2 msec), the number of pERK-labeled DRG neurons was clearly increased (Fig. 2 B) . The total number of pERK-labeled neurons after c-fiber stimulation at 10 Hz was significantly increased compared with the 0.5 Hz stimulation (Fig.  2 E) . However, a greater frequency of stimulation (100 Hz) induced less pERK labeling (Fig. 2C,E) . We measured the crosssectional areas of neurons labeled for pERK after electrical stimulation at different frequencies (Fig. 2 D) . Each sizedistribution curve after different frequencies had a peak of ϳ500 m 2 , and the pERK labeling after higher frequencies (50 and 100 Hz) increased the number of medium-to large-sized neurons (Ͼ1000 m 2 ). We also examined the different intensities of c-fiber electrical stimulation. Three intensities (1, 3, and 5 mA) to the sciatic nerve showed no significant difference in the size distribution and the total number of pERK-labeled neurons (Fig.  2 F,G) . The 1, 3, and 5 mA electrical stimulations to the sciatic nerve activate both A and C fibers (Fig. 2 H) . These data suggested that the pERK labeling after electrical stimulation to the sciatic nerve is partly dependent on the frequency of the stimulation.
Subsequently, we examined the pERK labeling after natural stimulation. We first examined the relationship between thermal stimuli at different temperatures and the induction of pERK in DRG neurons. We applied thermal stimuli by immersion of the hindpaw into warm to hot water (42-60°C). The thermal stimulus of 42°C induced pERK only in very small cells (Fig. 3A) . To determine whether the very small cells labeled for pERK at 42°C were neurons, double labeling was performed with pERK and PGP 9.5 (Day and Thompson, 1987) , which is a neuronal marker. All pERK-labeled cells were also labeled for PGP 9.5 (Fig. 3B) , indicating that the innocuous warm stimulus of 42°C activates a subpopulation of DRG neurons with very small cell bodies. In contrast, noxious heat stimulation at higher temperatures was found to induce pERK in more and larger neurons (Fig. 3C) . The Figure 2 . Electrical stimulation-induced pERK expression. A-C, Photomicrographs of pERK-labeled neurons in L4 DRG 2 min after 60 pulses of 3 mA/0.5 Hz ( A), 3 mA/10 Hz ( B), and 3 mA/100 Hz ( C) electrical stimulation to the sciatic nerve. D, Size distribution of pERK-labeled neurons in the L4/5 DRGs in the rats that received 60 pulses of 3 mA/0.5 Hz, 3 mA/10 Hz, 3 mA/50 Hz, and 3 mA/100 Hz (n ϭ 3 for each frequency) electrical stimulation to the sciatic nerve. E, The percentage of pERK-labeled neurons in L4/5 DRG neurons (n ϭ 3 for each frequency; ANOVA test shows a p Ͻ 0.05 significant change among the groups; *p Ͻ 0.01 compared with the 0.5 Hz group by Fisher's PLSD test). F, Size distribution of pERK-labeled neurons in the L4/5 DRGs in the rats that received 60 pulses of 1 mA/0.5 Hz, 3 mA/0.5 Hz, and 5 mA/0.5 Hz (n ϭ 3 for each intensity) electrical stimulation to the sciatic nerve. G, The percentage of pERK-labeled neurons in L4/5 DRG neurons (n ϭ 3 for each intensity; no significant change by ANOVA). H, Electrical stimulation (3 mA) to the sciatic nerve showed both A-and C-fiber responses (100 sweeps were averaged). Scale bars, 100 m.
double-labeling experiment revealed that some labeled neurons at 60°C showed colocalization with NF200 (Fig. 3D) , indicating the activation of neurons with A fibers at higher temperatures. The size distribution of pERK-labeled neurons at graded stimulus temperatures shows a clear rightward shift of the distribution curve (Fig. 3E) and an increased number of labeled neurons (Fig.  3F ) . The mean areas of pERK-labeled neurons at 50, 54, and 60°C were significantly increased compared with that at 42°C ( p Ͻ 0.05; one-way ANOVA).
We also examined pERK labeling after mechanical stimulation of the peripheral tissue. We applied high and low intensities of pinch stimulation to the plantar surface of the hindpaw (Fig.  4 A,B) . The high-intensity pinch, in contrast to the low-intensity pinch, produced a greater number of DRG neurons that were labeled for pERK, and these neurons tended to be larger. These tendencies were clearly apparent in the size distribution of pERK neurons ( Fig. 4C ): low-intensity pinch induced pERK almost exclusively in very small neurons (mean, 392.9 Ϯ 37.7 m 2 ; n ϭ 5), whereas high-intensity stimulation induced pERK in largersized neurons, remarkably in 400 -700 m 2 neurons (mean, 495.1 Ϯ 74.2 m 2 ; n ϭ 5). The change in mean size of pERKlabeled neurons was statistically significant ( p Ͻ 0.05). The total number of pERK-labeled neurons after high-intensity stimulation was significantly increased compared with that after low-intensity stimulation (Fig. 4 D) . The innocuous tactile stimulation of brushing the rat hindpaw did not induce pERK in DRG neurons (data not shown). These data from Figures 3 and 4 suggest that the increase in thermal and mechanical stimulus intensity was highly correlated with the number and size of DRG neurons in which the ERK cascade was activated.
These characteristics of pERK labeling in primary afferent neurons suggest that phosphorylation of ERK may reflect the activation of primary afferent neurons. Therefore, we subsequently examined the relationship between the VR-1 and thermal-mechanical stimulation using pERK labeling. We found that many neurons were double labeled for VR-1 and pERK after noxious heat stimulation (Fig. 5A) , and that the percentage of VR-1-labeled neurons with pERK labeling increased with stimulus temperature (Fig. 5B) . In contrast, 75-80% of pERK-labeled neurons were also labeled for VR-1 (Fig. 5C ) at all stimulus temperatures (42-60°C). To ascertain whether ERK activation in neurons by different stimuli is specifically mediated through this VR-1, we used the competitive VR-1 antagonist capsazepine (Bevan et al., 1992) to block VR-1 activation in primary afferent fibers after natural stimulation, such as heat or mechanical stimulation. The pERK labeling in DRG neurons after capsaicin injection into the hindpaw was dose-dependently inhibited by topical injection of capsazepine (0.1-10 mM, 100 l) given 2 min before capsaicin (10 mM, 50 l) injection (Fig. 5D ). The increase in pERK-labeled neurons produced by 54°C stimulation of the hindpaw was also dose-dependently suppressed by the capsazepine pretreatment (Fig. 5E) . However, the mechanical stimulation-induced pERK in DRG neurons was not affected by this treatment (Fig. 5F ) . These data clearly demonstrate that noxious heat stimulation but not mechanical stimulation induced ERK phosphorylation of DRG neurons through VR-1 and are consistent with the behavioral data from VR-1 knock-out mice (Caterina et al., 2000; Davis et al., 2000) .
To determine the functional roles of phosphorylation of ERK in primary afferents in peripheral tissues, we examined the changes in pERK in skin and pain behaviors after capsaicin injection into the plantar surface of the hindpaw. First, we exam- ined pERK immunoreactivity in primary afferent terminals in the skin of the plantar surface of the hindpaw. In the skin of control rats, the pERK-labeled fibers and terminals were scattered in the dermis and epidermis (Fig. 6 A) . At 2 min after capsaicin injection (5 l, 10 mM), the pERK-labeled nerve bundles in the dermis and terminals penetrating into the epidermis were clearly increased compared with controls (Fig. 6 B) . To ascertain whether the pERK labeling was on the nerve terminals, we used double labeling with PGP 9.5 and found that most pERK labeling in the dermis and epidermis was also labeled for PGP 9.5 (Fig. 6C ). This dose of capsaicin induced pERK in very few DRG cell bodies. Pretreatment with a selective MEK inhibitor, U0126, 2 min before capsaicin injection clearly prevented the increase in the pERK immunoreactivity in the skin (Fig. 6 D) . Quantification of pERK-labeled fibers and terminals in the dermis and epidermis revealed that pretreatment with the MEK inhibitor U0126 before capsaicin injection significantly suppressed the increase in pERK by capsaicin injection (Fig. 6 E) . These data indicate that activation of the ERK signal transduction pathway occurred in the nerve terminals and fibers in the skin, as well as cell bodies in the DRG, in response to stimulation of the receptor in the periphery.
We subsequently examined whether the phosphorylation of ERK contributes to capsaicin-induced thermal hyperalgesia and secondary mechanical allodynia. The capsaicin injection induced a rapid thermal hyperalgesia at the site of injection that recovered almost completely by 2 hr after injection. The MEK inhibitor U0126 dose-dependently inhibited thermal hyperalgesia (Fig.  6 F) . The time courses of withdrawal latency with 7.5 and 0.75 g of U0126-treated rats were significantly different from those of vehicle-treated rats ( p Ͻ 0.001; two-way repeated ANOVA). U0126 did not affect the withdrawal latencies in naive rats that received no capsaicin treatment (data not shown). In contrast to the effect of U0126 against the thermal hyperalgesia, there was no effect of U0126 on secondary mechanical allodynia (Fig. 6G) . These behavioral data indicate that the phosphorylation of ERK through MEK activity in primary afferent neurons is involved in the formation of thermal hyperalgesia (i.e., sensitization of primary afferent neurons).
DISCUSSION
In this article, we show the activity-dependent phosphorylation of ERK in primary afferent neurons. Activity-dependent activation of ERK has been reported in the CNS, especially in the hippocampus (Baraban et al., 1993; English and Sweatt, 1996; Atkins et al., 1998; Durek and Fields, 2001) . Recently, several studies have reported ERK phosphorylation in the nociceptive pathway; for example, nociceptive stimuli induce ERK phosphorylation in the spinal dorsal horn (Ji et al., 1999 (Ji et al., , 2002 Karim et al., 2001) , and this event may be related to the hypersensitivity of spinal neurons in inflammatory pain. The activation of metabotropic glutamate receptors in dorsal horn neurons by peripheral inflam- mation is shown to activate a downstream ERK pathway and result in enhanced pain sensitivity. With respect to the primary afferent neurons, it has been shown that the ERK cascade acts in epinephrine-induced hyperalgesia: the Ras-MEK-ERK1/2 pathway is activated independently of PKA or PKC⑀ (Aley et al., 2001) . Nerve growth factor injected into the peripheral tissue increased pERK labeling in tyrosine kinase A-containing DRG neurons (Averill et al., 2001 ). However, there has been no study examining the ERK activation after application of noxious stimuli to normal tissue.
Action potentials that are transmitted from the periphery and associated Ca 2ϩ transients could activate the specific intracellular signaling pathway and regulate gene expression in DRG neurons (Fields et al., 1997; Fields, 1998) . The inhibition of capsaicininduced pERK labeling by lidocaine block in the present study demonstrates a role of action potentials in the pERK activation. An in vitro study of mouse DRG neurons showed that the phosphorylation of cAMP-responsive element binding protein and ERK/MAP kinase was increased by action potentials with specific temporal patterns (Fields et al., 1997) . Other studies suggest that activation of the MAPK (ERK) pathway modulates the voltage-dependent calcium channel (Fitzgerald and Dolphin, 1997; Fitzgerald, 2000) , which is in turn involved in the activity of sensory neurons.
A␦-level electrical stimulation induced pERK in large neurons with NF200. In contrast, c-fiber stimulation by capsaicin injection induced pERK in small neurons containing VR-1 (Fig. 1 B,I ). These data indicated that action potentials transmitted through the primary afferent neurons by stimuli to the periphery induced pERK in DRG cell bodies in a modality-specific way. We found that the electrical stimulation-induced phosphorylation of ERK was dependent on the frequency of stimulation. The frequency may be more effective for inducing pERK in DRG neurons compared with the intensity of the electrical stimulation at the c-fiber level. Actually, as natural stimuli, the intensity of the stimulation of the receptive field was transmitted to the CNS as a function of the frequency of the action potentials evoked by the stimuli (Willis and Coggeshall, 1991) . More intense natural stimuli induced more frequent impulses transmitted by the primary afferents (Raja et al., 1999) . These characteristics of the primary afferents might be relevant to the data in the present study, in which the 10 Hz electrical stimulation was the most effective in the induction of pERK in DRG neurons. Higher-frequency stimuli (50 or 100 Hz) showed decreased pERK labeling, because these high frequencies may result in the failure to induce full generation of action potentials in the DRG (Djouhri et al., 2001 ).
An interesting finding in the present study is that the natural stimulation of the receptive field with different intensities resulted in changes in a subpopulation of pERK-labeled neurons. The increase in stimulus intensity resulted in a rightward shift of the size-distribution curve of pERK-labeled neurons (Figs. 3, 4) . This tendency was observed in experiments using both mechanical and Figure 6 . ERK phosphorylation in peripheral nerve terminals and fibers and behavioral effects after capsaicin injection. A-D, Immunostaining of pERK labeling of the plantar surface of the hindpaw. A, Control rats showed the pERK-labeled nerve bundle in the dermis and weak labeling in nerve terminals that penetrate into the epidermis. B, Increased labeling of pERK in nerve terminals and fibers was observed in rats 2 min after capsaicin injection (5 l, 10 mM) into the plantar surface of the hindpaw. C, Colocalization of pERK ( green) and PGP 9.5 (red) in the plantar surface of the rat's hindpaw 2 min after capsaicin injection. Double staining appears yellow. D, U0126 injection 2 min before capsaicin injection prevented the increase in pERK labeling in peripheral nerve terminals and fibers. E, Relative immunostaining analysis of pERK in the nerve of plantar skin tissue. Each bar represents the relative pERK immunostaining area in the skin tissue. veh, Vehicle; cap, capsaicin. n ϭ 5 for each group (*p Ͻ 0.05 compared with vehϩcap). F, G, Behavioral changes after the injection of capsaicin and the MEK inhibitor U0126 into the plantar surface of the hindpaw. F, Thermal hyperalgesia was examined using the plantar test. U0126 injections (7.5 and 0.75 g) significantly changed the time course of withdrawal latency to noxious heat after capsaicin injection into the plantar surface of the hindpaw (n ϭ 6 for each group; *p Ͻ 0.05; **p Ͻ 0.001). G, Mechanical allodynia was examined using von Frey filaments. U0126 did not show any effect on the 50% threshold of response to mechanical stimuli into the plantar surface of the hindpaw (n ϭ 6 each group). Scale bars, 100 m.
thermal stimuli, and the number of pERK-labeled neurons also increased as stimulus intensity increased. The percentage of pERK-labeled neurons after natural noxious stimuli to the receptive field was smaller than after electrical stimulation at the c-fiber level. The reason for this discrepancy is that natural stimulation of the receptive field (mechanical or thermal) may activate a part of the L4/5 DRG neurons innervating the hindpaw. Most pERKlabeled neurons are presumably C-polymodal nociceptors. Our data suggest that smaller neurons have lower thresholds in terms of pERK activation in C-polymodal receptors. The intense stimuli induced pERK in NF200-containing neurons, probably in A␦ mechanothermal nociceptors (Fig. 3D) . The threshold of the A␦ mechanothermal nociceptor is higher than that of C-polymodal nociceptors (LaMotte et al., 1983) , which is consistent with our data that higher temperatures induce double labeling with pERK and NF200.
The characteristics of pERK labeling in DRG neurons after noxious stimuli clearly indicated that the pERK labeling is correlated with the activation state of primary afferent neurons. Therefore, we believe that examination of pERK is very useful as an indicator of the activated DRG neurons after noxious stimuli in vivo. Different noxious stimuli, such as capsaicin injection, mechanical stimuli, and thermal stimuli, induced a variable number of DRG neurons labeled for pERK, suggesting that each noxious stimulus may have a different threshold for activation of the ERK pathway. In addition, non-noxious stimuli, such as the 42°C stimuli, induced pERK labeling in a small number of small neurons. These data suggest that not only noxious stimuli but also innocuous stimuli may induce pERK labeling in DRG neurons. The direct relationship between phosphorylation of ERK and electrophysiological activity in each neuron was not demonstrated here, because the histochemical analysis of the DRG tissue used here did not give us the relationship with electrophysiological activity in individual neurons. Additional study using single-cell recording and analysis of phosphorylation of proteins in the DRG neurons may be required.
As a useful application of pERK labeling by natural stimuli, we examined the relationship between natural stimuli and the function of VR-1. The double-labeling experiments with pERK and VR-1 after natural stimuli showed a high double-labeling ratio after thermal stimuli. The VR-1 antagonist injected into the peripheral tissue just before natural stimulation inhibited the pERK activation in primary afferent neurons evoked by thermal stimuli but not mechanical stimuli. These findings were very consistent with the previous electrophysiological studies and gene knock-out studies of VR-1 function (Caterina et al., 1997 (Caterina et al., , 2000 Tominaga et al., 1998; Davis et al., 2000) . The primary afferent activation through VR-1 by capsaicin injection or thermal stimuli may produce action potentials, which in turn result in the phosphorylation of ERK in DRG neurons. The inhibition of heat stimulation-induced pERK labeling by capsazepine was less effective than that of capsaicin-induced pERK labeling (Fig. 5D,E) . One possible reason for this may be a methodological problem. The receptive fields that received heat stimuli were larger than the area injected with capsazepine in this experiment. Another possible explanation is that unidentified heat receptors, other than the VR-1, may be working to induce pERK labeling in DRG neurons.
We also found pERK activation in peripheral nerve terminals and fibers as well as DRG cell bodies (Fig. 6) . The inhibition of the MEK inhibitor of pERK labeling in peripheral terminals revealed that the signal transduction pathway through MEK and ERK is working in peripheral nerve terminals after activation of VR-1 by capsaicin injection with the same time course as DRG cell bodies. Because the application of the MEK inhibitor prevented thermal hyperalgesia after capsaicin injection, the dense labeling in the epidermis preparation of these fibers and the nerve bundle in the dermis suggested nociceptor activation (i.e., peripheral sensitization). The changes in ERK phosphorylation in peripheral terminals might affect the sensitivity of the primary afferent itself and consequently affect the pain behavior. In a human study, after the injection of capsaicin into the skin, primary hyperalgesia and secondary hyperalgesia appeared around the injection site (Torebjork et al., 1992) . In the present study, the secondary mechanical allodynia was not changed by application of MEK inhibitor to the peripheral tissue. Because the secondary mechanical allodynia is a result of the central sensitization after capsaicin injection (Raja et al., 1999) , we believe that the phosphorylation of ERK in peripheral nerve is not involved in the central sensitization. A number of recent studies using isolated DRG neurons in culture have shed light on the cellular and molecular mechanisms of nociception and sensitization (for review, see Julius and Basbaum, 2001 ). The signaling pathway mediating hyperalgesia produced by inflammatory agents has been examined extensively (Gold et al., 1998; Khasar et al., 1999; Aley et al., 2001; Ji et al., 2002) . The molecular mechanisms by which some chemicals, such as bradykinin, modulate VR-1 activity have been reported to show the involvement of PKC and phospholipase C signaling pathways (Premkumar and Ahern, 2000; Chuang et al., 2001) . Our data indicating that the ERK pathway was activated shortly after capsaicin injection and was involved in the thermal hyperalgesia might account for the important signaling mechanism of peripheral sensitization.
We demonstrated in vivo that very rapid phosphorylation of ERK occurred in DRG neurons that were taking part in the transmission of various noxious signals. Moreover, intensitydependent changes in subpopulations showing pERK labeling are novel findings that would have been difficult to obtain using electrophysiological techniques. The phosphorylation of ERK in DRG neurons after noxious stimulation might be useful for examining the activation state of each neuron that contains various pain-related molecules. Moreover, using this pERK activation, we could confirm the physiological role of the VR-1 in nociception and found that the ERK signaling pathway plays an important role in peripheral sensitization after noxious stimulation to the peripheral tissues.
